Abstract-Radio-frequency (RF) hepatic ablation, offers an alternative method for the treatment of hepatic malignancies. We employed finite-element method (FEM) analysis to determine tissue temperature distribution during RF hepatic ablation. We constructed three-dimensional (3-D) thermal-electrical FEM models consisting of a four-tine RF probe, hepatic tissue, and a large blood vessel (10-mm diameter) located at different locations. We simulated our FEM analyses under temperature-controlled (90 C) 8-min ablation. We also present a preliminary result from a simplified two-dimensional (2-D) FEM model that includes a bifurcated blood vessel. Lesion shapes created by the four-tine RF probe were mushroom-like, and were limited by the blood vessel. When the distance of the blood vessel was 5 mm from the nearest distal electrode 1) in the 3-D model, the maximum tissue temperature (hot spot) appeared next to electrods A. The location of the hot spot was adjacent to another electrode 2) on the opposite side when the blood vessel was 1 mm from electrode A. The temperature distribution in the 2-D model was highly nonuniform due to the presence of the bifurcated blood vessel. Underdosed areas might be present next to the blood vessel from which the tumor can regenerate.
. The structure of the fully deployed four-tine RF probe for hepatic tumor ablation. The surface area of the last 10 mm of the trocar and the tines all conduct RF current. The orientation of the coordinates for the FEM models is also shown.
tumor size, location of tumor to key vessel, or coagulopathies. Thus, there is a demand for novel minimally invasive techniques for cure of hepatic malignancies.
Focal ablative therapies have been developed and applied to the treatment of hepatic malignancies. Unlike surgical resection, ablative therapies are not associated with the loss of entire segments or lobes of normal liver. The most widely investigated focal ablative techniques are cryoablation and radio-frequency (RF) ablation. Although the posttreatment recurrence rate of cryoablation has been lower than RF, an open surgery is generally necessary due to large probe sizes, and the risk of bleeding. In contrast, the RF ablation procedure is safe and can be applied percutaneously since the needle probes (14-17 gauge) for RF ablation are smaller [21] .
RF ablation utilizes ac current, typically at about 500 kHz, to destroy unwanted tissues by heating. Denaturation of intracellular proteins and destruction of cell membranes occur when the cells are heated to above 45 C-50 C [19] , [20] . RF ablation has gained wide acceptance as a standard treatment for supraventricular tachycardias where the target sites are small and well defined. Successful ablation of hepatic tumor with RF energy requires accurate localization and adequate tissue destruction. Performing RF ablation aided with percutaneous image-guided techniques [computed tomography (CT), ultrasound, or magnetic resonance imaging] has a potential to be a treatment of choice for hepatic malignancies because it is minimally invasive compared with surgical resection. Although RF ablation avoids the necessity for open laparotomy, it has been associated 0018-9294/02$17.00 © 2002 IEEE TABLE I  THERMAL AND ELECTRICAL PROPERTIES OF THE MATERIALS IN THE FEM MODELS with much higher local recurrence rates than hepatic resection [3] [4] [5] [6] [7] [8] .
Current RF probe designs are simple, using probe tip temperature, impedance, or power output as control parameters. The response of hepatic tissues to thermal heating depends upon several factors such as hepatic material properties, ablation duration, mode of ablation (temperature-or power-controlled), tumor location, and the geometry of the ablation probe. Since RF hepatic ablative technique is relatively new, the high local recurrence rates might be due to inadequate probe designs, placements, or overheating of the tissue in close proximity to the RF probe. These factors may contribute to incomplete destruction of tumor cells.
Mathematical modeling is a powerful tool for predicting lesion dimensions created by various RF probe designs. In order to know the change in potential and temperature distributions in the hepatic tissue during ablation, we solved the bioheat equation. As the geometries of the objects involved in RF hepatic ablation (RF probe, blood vessels, hepatic tissue) are complicated, we use FEM method models to solve the bioheat three-dimensional (3-D) FEM modeling studies of RF cardiac ablation have been presented [9] [10] [11] . However, no previous studies have introduced any 3-D numerical model that includes a realistic probe for hepatic RF ablation.
In this study, we modeled a commonly used (15 gauge) hepatic ablation probe [RITA Medical Systems Model 30 (RITA Medical Systems, Inc., Mountain View, CA)], situated in the middle of the hepatic tissue. We performed FEM analyses under the temperature-controlled mode (90 C), for a duration of 8 min. We selected the temperature-controlled mode since it is more widely used in clinical practice to help reduce the incidence of overheating of the catheter-tissue interface and coagulation. We investigated the effect of the presence of a blood vessel and its distance to the electrode. We also present some preliminary results from a two-dimensional (2-D) model with a bifurcated blood vessel.
II. METHODOLOGY
There has been little numerical study of hepatic ablation. Curley et al. [12] simulated a one-dimensional finite difference model for hepatic ablation. We established realistic FEM models of RF ablation probes to better understand how current flows from them to surrounding liver tissue. Fig. 1 shows the configuration of the initial probe that we modeled, a RITA Medical Systems Model 30, which is the most commonly utilized clinical system. The straight RF probe is placed into the liver tumor percutaneously under CT or ultrasound guidance. Once in place, surgeons deploy the four tines in an umbrella-like array and initiate RF current. We utilized both 3-D and simplified 2-D FEM models in this study. We also used 2-D FEM models because of the limitation of our current computing resource. Tungjitkusolmun et al. [10] provide a detailed description of FEM modeling processes for RF ablation.
A. The Bioheat Equation
The mechanism by which RF current induces tissue injury is the conversion of electric energy into heat. The circuit consists of the RF generator, the connecting wire to the distal electrodes, liver (and other tissues in the abdomen), a surface dispersive electrode, and the connecting wires to the generator that will complete the electric circuit. Joule heating arises when energy dissipated by an electric current flowing through a conductor is converted into thermal energy. The bioheat equation governs heating during hepatic ablation (1) (2) where is the density (kg/m ), is the specific heat (J/kg K), and is the thermal conductivity (W/m K). is the current density (A/m ) and is the electric field intensity (V/m) and can be calculated from the Laplace equation.
is the temperature of the blood (assumed to be 37 C), is the blood density (kg/m ), is the specific heat of the blood (J/kg K), and is the blood perfusion (1/s). is the convective heat transfer coefficient accounting for the blood perfusion in the model. The energy generated by the metabolic processes, (W/m ), was neglected since it was small. The blood temperature in large vessels is unaffected by the thermal field in the surrounding tissue [13] .
B. Material Properties
We used the material properties required for solving the bioheat [ (1)] from the literature [9] , [14] , [15] . Table I summarizes the material properties included in our FEM models. The blood perfusion in hepatic tissue, , is 6.4 10 1/s [16] .
C. Software
We selected PATRAN version 7.0 (The MacNeal-Schwendler Co., Los Angeles, CA) to preprocess our FEM models. PA-TRAN allows users to create the geometric model, assign material properties to the appropriate regions, as well as specify the boundary conditions and loads. We can also mesh the models with PATRAN and then instruct it to generate an input file for the ABAQUS/Standard 5.8 (Hibbitt, Karlsson & Sorensen, Inc., Farmington Hills, MI) solver. ABAQUS is capable of solving the bioheat equation (1) . We ran all numerical simulations on our HP-C180 workstation (with 1152 MB of RAM and about 34 GB of total disk space. For postprocessing, we employed the built-in module in ABAQUS, ABAQUS/POST, to generate temperature distribution profiles in each FEM analysis. 
D. Three-Dimensional FEM Analyses for Hepatic Ablation
For all FEM analyses performed in this study, we used a RITA RF probe model 30. Fig. 2 shows the typical geometries of our FEM models. The RF probe was fully deployed (30-mm diameter) and was situated in the middle of the hepatic tissue. Although a temperature-sensing thermistor is embedded at the tip of each distal electrode in an actual probe, we excluded it from our models due to its small size. The 10-mm distal section of the stainless-steel trocar also conducts current while the remaining parts are insulated. To study the effect of the presence and the locations of a blood vessel, we performed 3-D FEM analyses for the following cases.
Case 1) No blood vessel was included in the model. Case 2) A 10-mm-diameter blood vessel was 5 mm away from electrode A, parallel to the RF probe (shown in Fig. 2 ). Case 3) A 10-mm-diameter blood vessel was 1 mm away from electrode A, parallel to the RF probe. The overall FEM models had a cylindrical shape (100-mm diameter, 120-mm length), and contained approximately 350 000-370 000 tetrahedral elements and 59 500-65 000 nodes. We set the temperature on the boundary of the model to 37 C. Using the Dirichlet boundary conditions, we assumed that the voltages on the outer surfaces of the model were 0 V. We simulated temperature-controlled ablations by varying the power applied to the electrodes. Temperature-controlled ablation was performed so that the maximum hepatic tissue temperatures were kept at 90 C for 8 min in all cases. This setting is used in our university's hospital for clinical treatment. In the model the average applied power was 16 W, average voltage was 30 V, and impedance was 60 . We define the lesion as the region having temperature above 50 C at the end of the simulation.
E. 2-D Modeling With a Bifurcated Blood Vessel
Since the actual vascular system in the liver is very complex, we also utilized a 2-D model to investigate the temperature distribution in hepatic tissue surrounded by a bifurcated blood vessel during RF ablation. The diameter of the bifurcated blood vessel varied from 5 to 10 mm. Fig. 3(a) and (b) shows different regions and the finite elements included in this model. The total number of triangular elements was 31 534. We constructed a 2-D model due to the limitation of our computing resource. The total number of tetrahedral elements required for a 3-D FEM model of a bifurcated blood vessel configuration is higher than in the previous section (straight cylindrical blood vessel). The 2-D model showed the complexity of the temperature profile within the hepatic tissue during RF ablation. Fig. 4(a) and (b) shows the cross-sectional temperature distribution and the extent of the lesion formation after 1 min, 90 C RF ablation in homogeneous hepatic tissue. We can observe from Fig. 4(a) that the temperature distribution is symmetric between the two sides of the probe (electrodes A and B). The regions for the highest temperatures, or the "hot spots" were adjacent to electrodes A and B. Fig. 4(b) shows that the shape of the lesion generated by the RITA probe is mushroom-like. Certain regions between the fully deployed electrodes and the conducting trocar were not sufficiently heated to the lethal temperature (50 C).
III. RESULTS

A. 3-D FEM Model of Hepatic RF Ablation in Homogeneous Hepatic Tissue (Case 1)
After 8 min, 90 C RF ablation, the lesion extended further into the hepatic tissue by heat conduction and the temperature distribution was still symmetric [Fig. 4(c) and (d) ]. The underdosed areas between electrodes A, B and the conducting trocar shown in Fig. 4(b) (1-min ablation) were sufficiently heated up to the lethal temperature after 8 min. Fig. 7 and Table II 
B. 3-D FEM Model With a 10-mm Diameter Blood Vessel Located at 5 mm From Electrode A (Case 2)
Fig . 5 shows the temperature distribution of FEM analysis in case 2 after 8 min, 90 C ablation. The characteristic of the lesion formed in this case was also mushroom-like, but it was slightly asymmetric due to the cooling effect of the blood vessel. Fig. 7 and Table II list the parameters associated with the lesion dimensions in this case. The location of the hot spot was adjacent to electrode A. This phenomenon was caused by the higher blood electrical conductivity, which diverted more RF current toward it. Thus, more Joule heating effect occurred in hepatic tissue between electrode A and the blood vessel. The diameter ( ) and the depth ( ) of the lesion were approximately 39 mm, and 34.1 mm, respectively. The lesion volume (18.6 cm ) was slightly smaller than the lesion volume in case 1. Fig. 6 shows the resulting temperature distribution in case 3. Unlike the results in the previous cases, the hot spot occurred next to electrode B, on the opposite side from the blood vessel. The characteristics of the lesion formation also resembled a mushroom shape, but the extent of the lesion was limited by the blood vessel. Although there was more joule heating close to electrode A, the flowing blood in the vessel had a greater effect and dissipated thermal heat from the surrounding hepatic tissue. The diameter (
C. 3-D FEM Model With a 10-mm Diameter Blood Vessel Located 1 mm From Electrode A (Case 3)
) and the depth ( ) of the lesion were approximately 36 mm, and 33.3 mm, respectively. The lesion volume (17.2 cm ) was 10.4% smaller than the lesion volume in case 1. Fig. 7 and Table II summarize the characteristics of the lesion formed in case 3. 
D. 2-D FEM Model for Hepatic Ablation With a Bifurcated
Blood Vessel Fig. 8 shows the temperature distribution of the 2-D bifurcated blood vessel after 8 min, 90 C, RF ablation. The temperature distribution in this model was highly nonuniform. The location of the hot spot was next to the tip of electrode A. As previously discussed, the location of the hot spot is highly dependent on the distance between electrode and vessel. Since the tip of electrode A is at a different distance from the vessel than the tip of electrode B, we only see the hot spot at one electrode. Since this is a 2-D model, the temperatures in areas underneath the electrodes were likely underestimated. However, it is evident from the Fig. 8 that RF ablation under a complex vascular system has a potential to cause incomplete destruction of tumor cells.
IV. CONCLUSION
We have illustrated, by employing FEM analyses, the characteristics of the lesions created by the conventional four-tine RF ablation probe. The lesion formed in homogeneous hepatic tissue without blood vessels is predictable. However, the RF probe exhibits shortfalls in heating tissue surrounding the large blood vessel. The presence of large blood vessels in close proximity to the tumor has the following effects.
1)
Since the blood has a higher electrical conductivity, it attracts RF current from the RF probe. This causes the temperature in hepatic tissue between the electrode and the blood vessel to rise due to the joule effect.
2) The flowing blood in the large vessel acts as a heat sink and dissipates thermal heat from the surrounding tissue. The distance of the blood vessels from the tumor will determine the dominating factor and the location of the maximal tissue temperature. The results in Section IV show that when the distance of the blood vessel was 5 mm from the RF probe, factor one dominated. Thus, higher tissue temperature occurred near electrode A. In contrast, when the blood vessel was 1 mm away from the RF probe, the cooling effect dominated and cooled down the adjacent tissue. We also showed that the blood vessel bordered regions of lesion formation. Our results correlate with a previous study by Goldberg et al. [17] .
Unlike our simplified FEM models, the liver is a very complex electrical and thermal organ due to its inhomogeneity. It is composed of three different types of blood vessels (hepatic arteries, portal veins, and hepatic veins) of different diameters and flow velocities, liver parenchyma, hepatic tumors, bile ducts, and stroma, all of which have unique electrical and thermal properties. We simplified the geometrical settings due to the limitation of our computing resource. With an increased computing capacity, we will be able to perform FEM analyses of more complex models. Future numerical studies will investigate different electrode designs for hepatic ablation. Some of the new probe designs that have recently been proposed are bipolar electrodes (current flowing between the electrodes), instead of monopolar (current flowing from the conducting electrodes to the dispersive electrode on the patient's body), or the cooled tip electrodes [18] . 
